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Fluorescence correlation spectroscopy (FCS)Proteoliposomes represent nanoscale assemblies of indispensable value for studyingmembrane proteins in gen-
eral and membrane transporters in particular. Since no universal protocol exists, conditions for proteoliposome
formation must be determined on a case-by-case basis. This process will be signiﬁcantly expedited if the size
and composition of the assemblies can be analyzed in a single step using only microliters of sample. Here we
show that dual-color ﬂuorescence cross-correlation spectroscopy (FCCS) is of great value for optimizing the re-
constitution process, because it distinguishes micelles, liposomes and aggregates in heterogeneous mixtures
and permits direct monitoring of the co-localization of proteins and lipids in the diffusing assemblies. As proof-
of-principle, liposomes containing the functional multidrug resistance transporter NorA from Staphylococcus au-
reus were prepared, demonstrating that FCCS is an excellent tool to guide the development of reconstitution
protocols.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.49 345 55 27408.
alomem.de (K. Bacia).
. Open access under CC BY license.1. Introduction
Membrane proteins play vital roles in all organisms ranging from
bacteria to higher eukaryotes. From an analytical point of view, a high
quality reconstitution of a puriﬁedmembrane protein into a lipid bilayer
is a prerequisite for various biochemical and biophysical studies of
membrane protein function. The need for reconstitution of the protein
38 P. Simeonov et al. / Biophysical Chemistry 184 (2013) 37–43into a lipid bilayer is particularly obvious for membrane transporters,
because they – unlike for instance membrane receptors or enzymes –
are only able to perform their transport function in the membrane-
embedded form. Membrane transporters are universally found, integral
membrane proteins that translocate substances actively (against an
electrochemical gradient) or passively (by facilitated diffusion) across
membranes [1].
Phospholipid vesicles (liposomes) have been shown to be an excel-
lent tool for investigating the function of membrane transporters.
Proteoliposomes consist of a self-closed phospholipid bilayer, into
which the puriﬁed membrane transporter is incorporated [2]. Several
methods are employed to insert the protein into the liposome, among
which the detergent-mediated pathway is the most prominent one
[3–5]. The membrane transporter, which is solubilized by detergent
during puriﬁcation, can be directly mixed with detergent-destabilized
liposomes to form mixed phospholipid–protein–detergent complexes.
Removal of the detergent forces the protein to associate with the phos-
pholipid membrane, resulting in the desired proteoliposomes (Fig. 1A).
The destabilization of the preformed liposomes by the addition of deter-
gent and the subsequent removal of the detergent are critical steps dur-
ing the reconstitution procedure.
Despite the usefulness and versatility of detergent-mediated recon-
stitution, optimizing the reconstitution conditions to obtain a homoge-
neous proteoliposome preparationwith functionally integrated protein,
with the desired protein-to-lipid ratio, and with the desired size and li-
posome integrity remains a major challenge. Several experimental+ detergent
+
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Fig. 1. (A) Schematic overview of the reconstitution procedure. Destabilization of liposomes with
Detergent-solubilized protein is added (Step 2). After detergent removal, FCCS is used to asse
localization of protein and lipid (Steps 3 & 4). (B) Simulated auto- and cross-correlation curves f
The red autocorrelation amplitude is lower than the green one, because the red detection volume
demonstrating maximal co-localization. All three curves exhibit a diffusion time typical of liposo
somes (red) and protein (green). Total concentrations of red and green dye are the same as in pa
larger than in panel B, causing a lower autocorrelation amplitude. The cross-correlation amplitud
particles exhibit a diffusion time typical of liposomes, whereas protein molecules exhibit a diffutechniques are employed for supporting detergent-mediated reconsti-
tution [6,7]. Due to their ease of use, turbidimetry and light scattering
are routinely performed. A marked decrease in the turbidity or light
scattering signal indicates membrane solubilization on the conversion
of liposomes to micelles [4,8,9]. Nuclear magnetic resonance (NMR)
spectroscopy is best suited to analyze the starting point of the solubili-
zation process [10–13]: as opposed to the broadened NMR signal of a
phospholipid bilayer, a narrow isotropic signal is generated when mi-
celles appear, making the vesicle–micelle transition easily detectable.
One major disadvantage of NMR spectroscopy is its low sensitivity and
hence the necessity for large amounts of highly concentrated samples.
Other methods for analyzing membrane solubilization comprise infra-
red (IR) spectroscopy [14,15], ﬂuorescence spectroscopy [6,16,17] in-
cluding ﬂuorescence energy transfer [18,19], isothermal titration
calorimetry (ITC) [20,21], electron spin resonance (ESR) [22], X-ray dif-
fraction [23], atomic force microscopy (AFM) [24,25] and electron mi-
croscopy (EM) [26–28].
One drawback with several techniques used to assist with mem-
brane protein reconstitution is that they permit to analyze the solubili-
zation of the liposomes but not the reconstitution of the protein itself.
Another drawback with many techniques is that sample-averaged pa-
rameters are obtained which are not informative about potential sam-
ple inhomogeneity resulting from the solubilization and assembly
processes. In particular, IR spectroscopy, ﬂuorescence spectroscopy
and ITC are limited to bulk observations. Although AFM and EM permit
visualization of individual particles, the results can be biased, as someStep 3: Detergent removal to
produce proteoliposomes
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detergent yields detergent-containing liposomes and/or lipid-containingmicelles (Step 1).
ss the particle numbers, particle types, relative particle contributions and the relative co-
or an ideal proteoliposome sample (concentrations of red and green particles are identical).
is larger. The cross-correlation amplitude is in between the two autocorrelation amplitudes,
mal particles. (C) Simulated dual-color FCCS curves representing separate diffusion of lipo-
nel B. As the proteinmolecules diffuse as individual entities, the number of green particles is
e is zero, demonstrating the absence of co-localization between protein and liposomes. Lipid
sion time typical of micelles.
39P. Simeonov et al. / Biophysical Chemistry 184 (2013) 37–43types of particles may be lesswell preserved during sample preparation
or harder to visualize. It is therefore desirable to complement the cur-
rent repertoire of techniques for monitoring and optimizing membrane
protein reconstitution with alternatives that demand only small
amounts of sample and short measurement times, while providing in-
sight into sample heterogeneity.
Here we introduce ﬂuorescence correlation spectroscopy (FCS)
as a complementary approach for monitoring both the membrane
solubilization and the reconstitution steps with just one technique
(Fig. 1A). In contrast to turbidimetry, FCS allows the distinction
and simultaneous analysis of different types of particles (micelles, li-
posomes, aggregates) based on their characteristic diffusion coefﬁ-
cients. FCS is a highly sensitive method that observes single diffusing
ﬂuorescent particles and requires only small sample volumes and con-
centrations [29]. In dual-color ﬂuorescence cross-correlation spectros-
copy (FCCS), an extension of FCS, the ﬂuorescence ﬂuctuations arising
from the diffusion of two distinct ﬂuorophores are analyzed [30]. In
the current application, we exploit the cross-correlation between
green-labeled membrane protein and red-labeled liposomes as a test
for the concomitant movement of protein and liposomes on the single
particle level. The relative cross-correlation amplitude hence provides
a straight-forward measure for the formation of proteoliposomes
(Fig. 1B,C).
We have used the endogenous multidrug resistance (MDR) trans-
porter NorA from Staphylococcus aureus to demonstrate the optimiza-
tion of the reconstitution process by using FCS and dual-color FCCS.
NorA is of large clinical importance because of an increasing number
of methicillin-resistant S. aureus (MRSA) infections, as NorA is capable
of expelling a number of antibiotics used to combat MRSA infection
[31]. NorA belongs to the Major Facilitator Superfamily (MFS), which
is the largest family ofMDR transporters. It consists of 12 putative trans-
membrane segments and is located in the cytoplasmic membrane
[31,32]. Besides the ﬂuoroquinolone antibiotic resistance that ﬁrst
allowed the identiﬁcation of NorA [31], NorA confers resistance to a
broad range of compounds including rhodamine, ethidium bromide,
puromycin, chloramphenicol and pentamidine [33,34]. The active efﬂux
of these drugs and organic compounds is coupled to the proton gradient
across the membrane. It was previously shown that NorA also trans-
ports the dye Hoechst 33342 both in everted membrane vesicles and
when reconstituted into liposomes [35]. We therefore chose NorA as a
promising target for establishing an FCCS-guidedmembrane protein re-
constitution approach.
2. Material and methods
2.1. NorA recombinant expression and puriﬁcation
The norA gene was cloned into the pWaldo-eGFP vector [36–38],
transformed into Escherichia coli C43 (DE3) and recombinantly
expressed in Terriﬁc Broth (TB) medium. The membrane fraction was
subsequently solubilized with 1% n-dodecyl-β-D-maltopyranoside
(DDM; Affymetrix Anatrace) and the NorA-eGFP fusion protein (re-
ferred to as NorA-GFP) was puriﬁed by immobilized metal ion afﬁnity
chromatography (IMAC). See Supplementary data for details.
2.2. Liposome preparation and destabilization
Liposome preparation and destabilization were performed based on
Knol et al. [39]with smallmodiﬁcations. Brieﬂy, amixture of E. coli polar
lipid crude extract (44 μL of 25 mg/mL; Avanti Polar Lipids) and the
ﬂuorescent lipid analog DiD-C18 (2.5 μL of a 3 mM stock solution;
1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine perchlorate;
Invitrogen) was prepared in chloroform and dried under nitrogen for
at least 1 h. The lipid ﬁlm was hydrated in reconstitution buffer
(1 mL, 20 mM KH2PO4 (pH 7.0), 100 mM potassium acetate, 2 mM
MgSO4) and incubated for 1 h (ﬁnal lipid concentration 1.1 mg/mL).The resulting liposomeswere extruded 21 times through polycarbonate
ﬁlters with a pore size of 100 nm using a Mini-Extruder (Avanti Polar
Lipids) according to themanufacturer's protocol. Liposome sizewas an-
alyzed by dynamic light scattering (Malvern Zetasizer Nano S). Lipo-
somes were stored at 4 °C. Prior to detergent destabilization,
liposomeswere diluted in extrusion buffer (0.22 mg/mL). Liposome de-
stabilization was achieved by the stepwise addition of Triton X-100
(1 μL 1% (v/v) per step) to 100 μL of the liposome suspension [40].
The detergent Triton X-100 (critical micelle concentration ≈ 0.2 mM)
was obtained from Sigma–Aldrich. Destabilization was monitored by
following the turbidity at 460 and 540 nm [4] using a Tecan inﬁnite
M200Pro spectrometer (Tecan instruments) and by measuring diffu-
sion times and particle brightnesses by FCS (see details below).
2.3. Functional reconstitution of NorA-GFP into proteoliposomes
NorA-GFP was reconstituted into liposomes based on a published
protocol [35], which was modiﬁed using the information from the
dual-color FCCS results. Destabilized liposomes (200 μL) were mixed
with concentrated NorA-GFP (30 μL of ~10 mg/mL). After a 30 min in-
cubation at room temperature, small amounts (4–10 beads) of polysty-
rene Bio-Beads SM-2 (Bio-RAD) were added [41]. The addition of Bio-
Beads was repeated after 2 h and after 4 h. Overnight storage was at
4 °C. The next day, three more additions of Bio-Beads were repeated
at intervals of 2 h at room temperature. Prior to FCS and transport anal-
ysis, the proteoliposome solution was centrifuged to remove large ag-
gregates (60 s at 10,000 ×g). For FCS analysis, an aliquot was diluted
10-fold into reconstitution buffer and pipetted onto a glass coverslip
coated with bovine serum albumin (ﬁnal volume 20 μL). The step-by-
step improvement of the reconstitution protocol is shown in the
Results and discussion section.
2.4. Dual-color FCCS
Dual-color FCCS was conducted on a ConfoCor3/LSM710 setup (Carl
Zeiss), using a C-Apochromat 40×/1.2 N.A. water immersion objective.
The green ﬂuorescent chromophores (eGFP, Alexa Fluor 488) were ex-
cited by the 488 nm line of an argon ion laser, the red ﬂuorescent
dyes (DiD-C18, Alexa Fluor 633) by a 633 nm helium–neon laser. Ab-
sorption and emission maxima of eGFP are located at 490 nm and
509 nm, respectively; absorption and emissionmaxima of DiD-C18 in li-
posomes are at 652 nm and 670 nm, respectively (absorption data
measured on a Tecan Inﬁnite M200Pro, ﬂuorescence emission on a
Horiba Fluoromax-2 instrument). For dual-color FCCS on the
ConfoCor3/LSM710 setup, the emission signals were split with a
635 nm dichroic mirror. A 505 to 610 nm bandpass emission ﬁlter
was used in the green channel and a 655 nm longpass emission ﬁlter
in the red channel. Count rates in each channel were adjusted to mini-
mize cross-talk and avoid detector saturation by tuning the excitation
intensities with an acousto-optical tunable ﬁlter. The red observation
volume in this setup is larger than the green observation volume.
Hence an optimally reconstituted sample that consists only of double-
labeled particles shows a green autocorrelation amplitude that is higher
than the red one (see simulation in Fig. 1B).
Using calibration measurements from dyes of known diffusion coefﬁ-
cients inwater (Alexa Fluor 488hydrazide [42]; Alexa Fluor 633hydrazide
[43]; both dyes from Invitrogen) the structure parameter S = zo / ωo, i.e.
the ratio of the axial to lateral radii of the detection volumes, was deter-
mined to be S = 6 and the lateral radii of the detection volumes to be
ωo = 0.265 μm (red channel) and ωo = 0.212 μm (green channel). The
relationship between the diffusion coefﬁcientDi of a particle and themea-
sured diffusion time τdiff,i is given by
Di ¼
ω2o
4τdiff ;i
: ð1Þ
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Fig. 2. Destabilization of phospholipid vesicles with Triton X-100, monitored by turbidity
and by FCS. (A) As a measure of turbidity, optical density at 540 nm (ﬁlled circles) and at
460 nm (open circles) is plotted versus detergent concentration. Turbidity most easily
identiﬁes the saturation limit, i.e. the onset of solubilization at ≈0.9 mM Triton X-100.
(B) FCS correlation curve half-lives are more sensitive to the completion of solubilization
than turbidity (arrows). A sharp drop in the diffusion time occurs as the last remaining li-
posomes are micellized at≈2.2 mM Triton X-100 (arrow). (C) The mean particle bright-
ness (the product of the mean ﬂuorescence count rate and the diffusional correlation
amplitude) is also highly sensitive to the completion of solubilization.
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FCS curves of the reconstitution samples were ﬁtted with model
equations containing one or two freely diffusing species and one
blinking term:
G τð Þ ¼ G 0ð Þ 1þ T e
− ττtrip
1−T
" #X
i
Fi
1þ τ
τdiff ;i
 ! ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ τ
S2τdiff;i
s ð2Þ
τdiff,i ≡ diffusion time of species i; Fi ≡ apparent fraction of species i;
S ≡ structure parameter; T ≡ fraction of particles in the triplet or other
dark state; and τtrip ≡ triplet or other dark state relaxation time.
The same model equation but without the blinking term was used
for the cross-correlation:
Gx τð Þ ¼ Gx 0ð Þ
X
i
Fi
1þ τ
τdiff ;i
 ! ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ τ
S2τdiff;i
s : ð3Þ
The structure parameter S was set to the ﬁxed value of 6 obtained
during the calibration measurements. The ﬁts were conducted with
the ZEN 2009 software (Carl Zeiss Jena).
Themeasured apparent fractions Fi are related to the concentrations,
weighted with the square of the brightnesses:
G 0ð Þ ¼ 1
Veff
X
i
η2i ciX
i
ηici
h i2 ð4Þ
G(0) ≡ autocorrelation amplitude; Veff ≡ effective observation volume;
ηi ≡ molecular brightness of species i; and ci ≡ concentration of species i.
2.6. Hoechst 33342 transport assay with NorA-GFP proteoliposomes
A transport assay using the dye 2'-(4-ethoxyphenyl)-5-(4-methyl-1-
piperazinyl)-2,5'-bi-1H-benzimidazole (Hoechst 33342) was performed
according to Yu et al. [35]. The proton gradient was generated by diluting
the proteoliposomes (containing 20 mM KH2PO4 (pH 7.0), 100 mM po-
tassium acetate, 2 mM MgSO4) 20-fold into 20 mM KH2PO4 (pH 7.0),
50 mM potassium sulfate, 2 mM MgSO4. Fluorescence quenching was
measured using a Horiba FluoroMax SPEX 3 spectroﬂuorimeter (excita-
tion at 355 nm, emission at 457 nm, slit widths of 5 nm and 8 nm).
Tetraphenylphosphonium bromide (TPP) was added to study the effect
of this reagent on Hoechst 33342 transport. The time course of ﬂuores-
cence intensity changes was measured after the addition of Hoechst
33342.
3. Results and discussion
3.1. Liposome destabilization for protein reconstitution
To facilitate membrane protein insertion, liposomes are usually
destabilized by the addition of detergents. We ﬁrst followed the transi-
tion from liposomes tomicelles as a function of Triton X-100 concentra-
tion using a standard turbidity assay [4]. The turbidity plot allows the
distinction of three stages (Fig. 2A). During the ﬁrst stage, detergent
partitions into the vesicle bilayer until saturation is reached (detergent
concentration [D]sat ≈ 0.9 mM). During stage II, further addition of de-
tergent leads to a decreasing number of detergent-saturated vesicles,
which coexistwith a growingnumber of lipid-saturatedmixedmicelles.
This stage is evidenced by a gradual decrease in turbidity. Finally, at a
detergent concentration of [D]sol ≈ 2.2 mM, solubilization is complete,
i.e. the solution contains only mixedmicelles, and the turbidity enters a
plateau region (stage III).In some instances, the use of turbidity data alone for revealing the
course of solubilization can be misleading, because saturation and solu-
bilization points may be obscured, as detergent-resistant membranes
are encountered [16,44] or phase separation due to micelle–micelle in-
teractions occurs. As a consequence, turbidity may increase and conceal
the expected decrease during solubilization [12,45]. In preparation for
the development of an FCCS-based reconstitution assay, we therefore
asked if the course of solubilization could also be monitored directly
using the FCS setup.
The half-life of the FCS correlation curve G(τ) as an estimate of the
mean diffusion time τdiff (Fig. 2B) and the mean particle brightness
(Fig. 2C) can serve as a complementary way of assessing stages I, II
and III of solubilization.Wenote that turbidity allows amore precise de-
termination of the point of saturation (based on the change from posi-
tive to negative slope), while FCS is more precise at determining the
point of complete solubilization. In the turbidity plot, the completion
of solubilization can only be estimated roughly from a gradual change
in the slope (Fig. 2A, arrow), whereas the FCS measurements show a
prominent shift to a single component of τdiff ≈ 0.38 ms (particle
diameter 2RH = 10 nm, micelles) precisely at the point where no
more liposomes are present (τdiff ≈ 3.5…4.6 ms, particle diameter
2RH = 90…120 nm) (Fig. 2B, arrow).
41P. Simeonov et al. / Biophysical Chemistry 184 (2013) 37–43Using turbidity and FCS, the course of liposome destabilization by
the detergent can be monitored and speciﬁc conditions chosen for
membrane protein reconstitution attempts.
3.2. Dual-color ﬂuorescence cross-correlation spectroscopy
Dual-color FCCS analyzes the dynamic co-localization of two differ-
ently labeled (e.g. green and red) ﬂuorescent particles or molecules.
We have exploited the co-localization information from the amplitudes
of the correlation curves along with the particle size information from
the decays to rapidly assess the incorporation of a green ﬂuorescently
tagged transmembrane protein (NorA-GFP) into red ﬂuorescent (DiD-
labeled) phospholipid vesicles.
Apositive cross-correlation amplitude ariseswhengreen and redﬂuo-
rescent chromophores diffuse together through the observation volume.
A high amplitude of the cross-correlation curve compared to the auto-
correlation curves indicates a large proportion of double-labeled particles,
indicating a successful reconstitution of the transmembrane protein into
the liposomes (Fig. 1B). A low cross-correlation amplitude signiﬁes a
poor reconstitution yield (Fig. 1C). The cross-correlation and autocorrela-
tion curves can also be analyzed with respect to the sizes and apparent
relative concentrations of particles, allowing a distinction between mi-
celles, vesicles and aggregates. In FCS, as demonstrated by Eq. (4), brighter
particles (liposomes and aggregates that carry several GFP-tagged protein
molecules) contribute more strongly to the measured fractions than dim
particles (such as micelles that carry a single GFP).
3.3. Optimizing the reconstitution of NorA-GFP
NorA-GFP was successfully expressed and puriﬁed by a single step
IMAC procedure (Fig. S1). For the reconstitution, we ﬁrst tested the
use of fully solubilized lipid (2.6 mM Triton, mixed micelles, see10-3 10-2 10-1 100 101 102 103
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The optimization of the reconstitution process is summarized on the right. Red denotes the lip
curves (solid lines) were ﬁtted using Eqs. (2) and (3). Dashed curves were calculated from th
only, allowing a direct visual assessment of the correlation amplitudes and half-lives. See textFig. 2) as the starting material, to which the solubilized NorA-GFP and
the Bio-Beads (for detergent removal) were added. Fig. 3A shows that
this approach resulted in a poor reconstitution yield. Detergent removal
was sufﬁciently effective to convert the mixed detergent–lipid micelles
into liposomes, as evidenced by the single component ﬁt of the red au-
tocorrelation curve with a diffusion time typical for liposomes [τdiff =
2.3 ms, 2RH = 60 nm]. However, the low amplitude of the green auto-
correlation points to a large number of particles, denoting non-
reconstituted protein. Moreover, the green autocorrelation curve
requires a two-component ﬁt model (33% of τdiff = 0.16 ms [micelles]
and 67% of τdiff = 2.2 ms [liposomes]), showing that a large part of
the protein is still inmicelles. The cross-correlation corroborates this in-
terpretation: The cross-correlation amplitude relative to the red auto-
correlation amplitude is low, meaning that only a small fraction of the
green-labeled protein co-localizes with the red liposomes. Although
the reconstitution yield is unsatisfactory in this experiment, the size of
the protein–lipid particles is as desired, as evidenced by a single compo-
nent ﬁt of the cross-correlation curve with τdiff = 2.3 ms [liposomes].
Next, we tested the use of destabilized liposomes and mixed mi-
celles in the coexistence region (1.5 mM Triton, see Fig. 2) as the
startingmaterial, towhich the solubilized proteinwas added. The deter-
gent was again removed by the repeated addition of Bio-Beads (7 to 10
beads per step). Clearly, in this experiment, aggregation occurred
(Fig. 3B). This is obvious from the correlation functions, where in all
three curves a second, slowly diffusing species with τdiff above 30 ms
appears (red autocorrelation: 70% of 2.2 ms [liposomes] and 30% of
43 ms [aggregates]; green autocorrelation: 60% of 1.6 ms [liposomes]
and 40% of 33 ms [aggregates]; cross-correlation: 58% of 2.1 ms [lipo-
somes] and 42% of 32 ms [aggregates]). The fact that this slowly diffus-
ing species appears also in the cross-correlation curve shows that
protein and lipid co-localize in the aggregates. The cross-correlation
amplitude, which indicates co-localization of protein and lipid, is high2 10-1 100 101 102 103
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42 P. Simeonov et al. / Biophysical Chemistry 184 (2013) 37–43in comparison with either of the autocorrelation amplitudes, corrobo-
rating that co-localization was obtained at the cost of aggregation.
We reasoned that aggregation may have been caused by an overly
rapid removal of the detergent and therefore reduced the rate of addi-
tion of the Bio-Beads to 4 to 6 beads per step for the next experiment
(Fig. 3C). The same startingmaterial (1.5 mMTriton, coexistence of mi-
celles and liposomes) was used. After a 19 hour incubation with Bio-
Beads added at the slow rate, the shapes of the correlation curves still
showed a large amount of micelles in the sample (red autocorrelation:
78% of 0.25 ms [micelles] and 22% of 3.3 ms [liposomes]; green autocor-
relation: 73% of 0.65 ms [micelles] and 27% of 8.7 ms [aggregates];
cross-correlation: 76% of 0.85 ms [micelles] and 24% of 19 ms [aggre-
gates]). The low absolute values of the correlation amplitudes (i.e., the
large numbers of particles) in Fig. 3C in comparison with panels A, B
and D also supported that the majority of material was still in the
form of micelles. However, even though the sample contained micelles
and aggregates, this reconstitution attempt was promising, because the
micellar species was part of the cross-correlation curve, indicating the
formation of mixed micelles comprising both protein and lipid. We
therefore checked if extending the incubation time with Bio-Beads
might lead to the formation of the desired proteoliposomes.
Fig. 3D shows the FCCS analysis of this reconstitution sample after an
extension of the incubation timewith Bio-Beads to 26 h. The correlation
curve amplitudes provide valuable pieces of information on the sample:
Firstly, the absolute values of the correlation amplitudes have increased
(i.e., the number of particles has decreased), in linewith the assembly of
larger, liposomal particles. Secondly, the amplitude of the cross-
correlation is high compared to the autocorrelation curves, demonstrat-
ing that the co-localization of NorA-GFP and lipids is dominant. Thirdly,
the red autocorrelation amplitude is below the green autocorrelation
amplitude, which is expected for an optimal reconstitution. The shapes
of the correlation curves conﬁrm that proteoliposomes constitute the
dominating species, but also reveal remaining micelles (red autocorre-
lation: 22% of 0.57 ms [micelles] and 78% of 4.8 ms [liposomes]; green
autocorrelation: 15% of 0.41 ms [micelles] and 85% of 4.7 ms [lipo-
somes]; cross-correlation: 10% of 0.63 ms [micelles] and 90% of 5.1 ms
[liposomes]). An incomplete sequestration of the detergent from recon-
stitution reactions is a known disadvantage of the use of Triton X-100
and Bio-Beads [46].
These four examples demonstrate that dual-color FCCS allows to
speciﬁcally detect the co-localization of the GFP-labeled NorA protein
with liposomes. Co-localization of protein and lipid in aggregates
(Fig. 3B), mixed micelles (Fig. 3C) and liposomes (Fig. 3D) is distin-
guishable from one another by virtue of the different diffusion
characteristics.
The cross-correlation between green-labeled membrane protein
and red-labeled liposomes is highly sensitive to the formation of
proteoliposomes on a qualitative level. However, the relative cross-
correlation amplitude is rather insensitive to the exact number of pro-
teins per liposome. Brightness analysis methods could be explored for
the purpose of determining the number of proteins per liposome. For
a quantitative analysis of particle brightnesses, potential brightness
changes due to quenching or ﬂuorescence resonance energy transfer
will need to be considered.
3.4. Transport activity of NorA-GFP proteoliposomes
Since the co-localization of themembrane transporter NorA and the
liposomes does not necessarily mean a functional reconstitution, a
transport assay according to the method described by Putman et al.
was used to determine the transport activity of NorA reconstituted in li-
posomes (Fig. 4) [47]. This assay takes advantage of the characteristic
properties of Hoechst 33342 being highly ﬂuorescent in a hydrophobic
environment and not ﬂuorescent in an aqueous environment. For lipo-
somes lacking NorA, no signiﬁcant change in Hoechst ﬂuorescence
was observed during the time course of the measurement. In contrast,successfully reconstituted NorA-GFP proteoliposomes showed a de-
creasing Hoechst ﬂuorescence signal (Fig. 4), indicating the transport
of the dye from the hydrophobic membrane interior to the aqueous
environment outside of the bilayer. Furthermore, doubling the
proteoliposome concentration augmented the decrease in Hoechstﬂuo-
rescence. The Hoechst 33342 transport activity assay was also
performed in the presence of TPP, another known substrate of NorA
that is structurally unrelated to Hoechst [34]. The addition of equimolar
concentrations of TPP and Hoechst 33342 led to a reduced transport of
the Hoechst 33342 (Fig. 4), suggesting that both compounds compete
as a substrate of NorA. The results additionally demonstrate that the
C-terminally-fused GFP does not interfere with the transport activity
of NorA.
4. Conclusion
Exploitation of the highly sensitive and speciﬁc optical techniques
FCS and dual-color FCCS provides a powerful tool for monitoring the
detergent-mediated reconstitution of a membrane protein into lipo-
somes. The reconstitution of NorA-GFP into liposomes was optimized
using the particle size, particle number, fractional composition and dy-
namic co-localization information contained in the dual-color ﬂuores-
cence correlation curves. The Hoechst transport assay conﬁrmed
functionally active NorA-proteoliposomes. This versatile approach to
guide the optimization of membrane protein reconstitution can be
readily applied to other membrane transporters as well as any other
ﬂuorescently tagged membrane protein.
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